Using test particle simulations we study electron acceleration at collisionless shocks with a two-component model turbulent magnetic field with slab component including dissipation range. We investigate the importance of shock normal angle θ Bn , magnetic turbulence level (b/B 0 ) 2 , and shock thickness on the acceleration efficiency of electrons. It is shown that at perpendicular shocks the electron acceleration efficiency is enhanced with the decreasing of (b/B 0 ) 2 , and at (b/B 0 ) 2 = 0.01 the acceleration becomes significant due to strong drift electric field with long time particles staying near the shock front for shock drift acceleration (SDA). In addition, at parallel shocks the electron acceleration efficiency is increasing with the increasing of (b/B 0 ) 2 , and at (b/B 0 ) 2 = 10.0 the acceleration is very strong due to sufficient pitch-angle scattering for first-order Fermi acceleration, as well as due to large local component of magnetic field perpendicular to shock normal angle for SDA. On the other hand, the high perpendicular shock acceleration with (b/B 0 ) 2 = 0.01 is stronger than the high parallel shock acceleration with (b/B 0 ) 2 = 10.0, the reason might be the assumption that SDA is more efficient than first-order Fermi acceleration. Furthermore, for oblique shocks, the acceleration efficiency is small no matter the turbulence level is low or high. Moreover, for the effect of shock thickness on electron acceleration at perpendicular shocks, we show that there exists the bend-over thickness, L diff,b . The acceleration efficiency does not change evidently if the shock thickness is much smaller than L diff,b . However, if the shock thickness is much larger than L diff,b , the acceleration efficiency starts to drop abruptly.
INTRODUCTION
The spectra of energetic charged particles in astrophysical plasmas are usually in power law mainly generated by the acceleration at collisionless shock waves. One important physical mechanism for shock acceleration is the first-order Fermi acceleration (Fermi 1949; Krymsky 1977; Axford et al. 1977; Bell 1978; Blandford & Ostriker 1978) in which charged particles gain energies by elastic scattering under magnetic fluctuations across the shock. Another important physical mechanism is shock drift acceleration (SDA) (Jokipii 1982; Forman & Webb 1985; Lee et al. 1996; Shapiro andÜçer 2003; Guo et al. 2014) . In SDA, with nonzero background magnetic field perpendicular to the shock normal, if particles gyro-rotate near the shock plane with part of gyro-cycles in the upstream and the rest part in the downstream, they would get acceleration in each rotation cycle because of the drift electric field and different gyro-radii be-tween the upstream and downstream regions. The first-order Fermi acceleration and shock drift acceleration are incorporated into the theory of diffusive shock acceleration (DSA). This theory predicts a power-law distribution downstream of the shock, so DSA is widely accepted as the source of astrophysical energetic particles. However, there are spacecraft observed spectra that are not in agreement with DSA theory such as an exponential-like rollover at higher energies (Ellison & Ramaty 1985) .
The shock acceleration of ions has been widely studied in many acceleration sites such as interplanetary traveling shocks, coronal shocks, Earth's bow shock, and the heliospheric termination shock in the past (e.g., Decker & Vlahos 1986a,b; Desai & Burgess 2008; le Roux & Webb 2009; Florinski 2009; Neergaard Parker & Zank 2012; Neergaard Parker et al. 2014; Kong et al. 2017 ). In comparison with ions which usually have large gyro-radii, the low-energy electrons are thought to be difficult to interact with ambient magnetic fluctuations due to their small gyro-radii r L which makes electrons resonant frequency high enough to be in the turbulence dissipation range. Therefore, there is a challenge for us to understand electron acceleration. On the one hand, space energetic electrons can be produced by coronal shock waves associated with flares or coronal mass ejections (CMEs) (Uchida et al. 1973; Vrsnak et al. 1995; Stewart et al. 1974a,b; Classen & Aurass 2002; Lara et al. 2003) , on the other hand, they can also be produced by Jovian magnetosphere (e.g., Eraker 1982; Moses 1987) . One direct evidence for electron acceleration is from solar type II radio bursts, which are the radio signature of traveling CME-driven shocks in the solar corona (Klassen et al. 2002) . In addition, hard X-ray and γ-ray emission from impulsive solar flares (e.g., Rieger 1994) demonstrates the production of energetic electrons by shock waves. Based on the observations, there have been many theoretical studies aiming at explaining electron acceleration at coronal shock waves over the last four decades. Holman & Pesses (1983) considered electron acceleration through a shock drift process and found that the production of type II emission was related to a high angle between the shock normal and the upstream magnetic field. Tsuneta & Naito (1998) studied first-order Fermi acceleration for non-thermal electrons produced in solar flares so that the impulsive hard X-ray source could be explained. Mann et al. (2001) showed that using a mirror (i.e., diffusive) acceleration mechanism at quasi-parallel shocks highly energetic electrons can be produced by shock waves in the solar corona.
In principle, the level of magnetic fluctuations has important effects on the shock acceleration, which should be different for shocks with varying obliquity. Low-energy electrons were found to interact with whistler waves (e.g., Miller et al. 1996) , which scatter electrons in pitch angle and enable them to diffuse in multiple crossings of the shock. To reveal the role whistler waves play in the acceleration process, numerical simulations using different turbulence models have been performed. Giacalone (2005) showed that in the case of weak magnetic fluctuations the acceleration rate at parallel shocks is very small compared to perpendicular shocks, and that in the large-scale magnetic field fluctuations parallel shocks can efficiently accelerate particles to high energies. More recent numerical simulations of electron acceleration at shocks by Guo & Giacalone (2015) studying shocks propagating through a kinematically defined turbulent magnetic field showed that with a significant turbulent variance electrons can be accelerated to high energies regardless of the angle between the shock normal and the upstream magnetic field. In their paper the authors studied electron acceleration for various shock-normal angles, and found that the acceleration efficiency is strongly dependent on the shock normal angle under weak magnetic fluctuations, but has a weak dependence on the shock normal angle for the case of large turbulence. Besides, it is also found that the shocks with higher angles accelerate electrons more efficiently than the ones with smaller shock angles, and that the energy spectrum does not notably depend on the average shock-normal angle when the magnetic fluctuations are sufficiently large. It is noted that in the work of Guo & Giacalone (2015) , dissipation range was not included in the turbulence. Li et al. (2013) studied shock acceleration of electrons by considering a turbulence model with power spectrum described by an inertial range and a dissipation range, to find the process in which electrons with lower energy gain energies through resonating in the dissipation range of magnetic turbulence, so that energy spectra with high energy hardening were obtained. It is essential to study the dependence of the acceleration efficiency of electrons on the shock-normal angle within such a more realistic turbulence model including both inertial and dissipation ranges.
Shock thickness is another factor to affect the shock acceleration of electrons. The observed shock transition layer can be very complicated: the magnetic profile only has ramp structures for low β quasi-perpendicular shocks, while it may include foot, ramp, overshoot, and undershoot for high β, supercritical, quasi-perpendicular shocks (Scudder et al. 1986 ). Russell et al. (1982) examined quasi-perpendicular shocks with low Mach numbers and plasma beta using ISEE-1 and ISEE-2 observations to find the shock thickness to be close to one ion inertial length (∼c/ω pi ). Newbury et al. (1998) showed that the width of the ramp transition at quasiperpendicular, high Mach number shocks is within the range 0.5-1.5 c/ω pi . Newbury & Russell (1996) and Yang et al. (2013) , however, reported that the ramp region of a very thin shock tends to be only a few electron inertial length c/ω pe . Moreover, statistical studies of the shock density transition by Bale et al. (2003) concluded that the shock ramp scale is given by the convected ion gyroradius v sh,n /Ω ci,2 over the range of Mach numbers 1-15, where v sh,n and Ω ci,2 indicate the shock velocity in the plasma frame and ion cyclotron frequency in the downstream of the shock, respectively. Based on the above studies, numerically investigating of the impact of shock thickness on the acceleration efficiency is necessary for a better understanding of electron acceleration at collisionless shocks.
Based on Kong et al. (2017) , we use test particle simulations that include pre-existing magnetic field turbulence with two-component model (Qin et al. 2002a,b; Qin 2002) to study acceleration of electrons at shocks. In this work, we include the dissipation range in the magnetic turbulence upstream and downstream of the shock because the resonant frequency of electrons in the turbulence is higher than that of ions due to the light mass of electrons. The layout of the paper is as follows. In Section 2, we describe the details of our numerical model. We show the results of the simulations in Section 3. In Section 4 we present our conclusions and discussion.
MODEL
The acceleration of particles at collisionless shocks is studied using test particle simulations that include preexisting electric and magnetic fields in the shock region. This approach is efficient in accelerating the lowrigidity charged particles by describing their gyro-motions near the shock, and has been applied in many previous works (Decker & Vlahos 1986a,b; Giacalone 2005; Giacalone & Jokipii 2009; Kong et al. 2017, etc.) . Here, we use the model adopted from Zhang et al. (2017) and Kong et al. (2017) .
Firstly we illustrate the shock geometry. For simplicity we assume a hyperbolic function to describe a planar shock, which is similar to the fitted density transition in Bale et al. (2003) and the flow speed model in Giacalone & Jokipii (2009) . In the shock transition the plasma speed is given by
where z = 0 is the location of the shock front, z > 0 indicates plasma flow direction, L diff is the thickness of the shock transition. The shock parameters used in this study are listed in Table 1 : the upstream plasma speed is set as U 1 = 500 km s −1 and the compression ratio s = U 1 /U 2 , along with pre-specified upstream mean magnetic field B 01 and Alfvén Mach number M A1 . Generally, we set s = 4 for simplicity, but we also do some calculations with s = 2.6 for comparison. We take the shock thickness L diff to be 9.28×10
−6 AU if not otherwise stated. These parameters are in close analog with the values assumed by Guo & Giacalone (2015) for high-Mach number shocks, so that it is convenient to investigate the effect of different shock models on electron acceleration.
Note that in Guo & Giacalone (2015) the magnetic field was generated from the magnetic induction equation with an isotropic turbulence spectrum, while in this work we employ a "slab+2D" turbulence model as presented below. The magnetic field is taken to be time independent with the form
where B 0 is the constant background field lying in the x − z plane and b is a zero-mean random magnetostatic turbulent magnetic field transverse to B 0 . MHD RankineHugoniot (RH) conditions are satisfied on average. The turbulent field b is composed of a slab component and a two-dimensional (2-D) component (Matthaeus et al. 1990; Zank & Matthaeus 1992; Bieber et al. 1996; Gray et al. 1996; Zank et al. 2006) . By following previous works (e.g., Qin et al. 2002b; Bieber et al. 2004; Matthaeus et al. 2003) we assume the slab correlation scale λ = 0.02 AU. According to the recent research (Osman & Horbury 2007; Dosch et al. 2013; Weygand et al. 2009 Weygand et al. , 2011 we set the 2D correlation scale λ x = λ/2.6, see also Shen & Qin (2018) . It is known that the turbulence spectrum in the solar wind consists of inertial range and dissipation range. In Li et al. (2013) , the dissipation range in the turbulence spectrum (or called power spectrum density, PSD) was included to study the electron acceleration in solar flares. As the resonant wavenumber of low-energy electrons could be very large to lie in the dissipation range, we also include this range in the magnetic turbulence of the slab component in our model. The power spectrum of P(k) is given by
where β i and β d are the spectral indices in the inertial and dissipation ranges, respectively,
is the break wavenumber that separates from the energy range to inertial range, and k b is the break wavenumber that separates from the inertial range to dissipation range. We assume spectral index in the inertial range β i = 5/3 as Kolmogorov cascading. Spacecraft observations of the dissipation range index β d vary considerably (e.g., Smith et al. 2006) , however, for simplicity, generally we set a constant β d = 2.7 according to Li et al. (2013) (see also, Leamon et al. 1999; Howes et al. 2008; Chen et al. 2010 ), and we also do some calculations with β d = 3.4 for comparison. We take the value k b = 3 × 10 4 /λ = 10 −5 m −1 , which is equal to the minimum wavenumber of ∼7.88 keV electrons and satisfies the requirement of Leamon et al. (1999) . Regarding the magnetic energy density ratio of different turbulence component, although it can vary considerably in the dissipation range from spacecraft observations (e.g., Oughton et al. 2015) , we assume E slab : E 2D = 20 : 80 for simplicity in the work. It should be also noted that from the resonance condition (ω − k v = nΩ, where ω and Ω are the wave frequency and electron cyclotron frequency, respectively), the resonant wave-vector is parallel to the background magnetic field, which corresponds to the slab component. In addition, to generate turbulence spectrum extending to dissipation range much more computing resources are needed for 2D component than that for slab component. Therefore, we do not include the dissipation range in the magnetic turbulence of 2D component (Qin 2002; Qin et al. 2002b ).
In addition, we describe some important parameters relevant to the numerical simulation box. For the spatial domain size in x, y, and z directions, we take x box = y box = z box = 10 4 λ, which defines a box large enough so that electrons are not easy to escape. The power spectrum of turbulence is continuous and nonperiodic in nature, so there is no way to realize the actual turbulence in the simulations. We here adopt a turbulence box of size L x = L y = 10λ, and L z = 50λ, for the 2D and slab components, respectively.
In fact, we have checked that it is very difficult for electrons to transport in space larger than the size of the slab-2D box. The number of grids in the slab modes is set as N z = 2 22 , and the minimum and maximum wavenumber of the slab turbulence are k min = 2π/L z ∼ 4.2 × 10 −11 m −1 and
−5 m −1 , respectively. We plot the P(k) in arbitrary units as a function of k in Figure 1 , with the wavenumber k min , k i , k b , and k max indicated in red vertical lines. We also show the minimum resonant wavenumber k 1 , k 2 , k 3 , k 4 , and k 5 indicated in dashed lines for electrons with energies of 10, 000, 1, 000, 100, 10, and 1 keV, respectively. It can be clearly seen that low-energy electrons which are below 10 keV resonate in the dissipation range, while the electrons with energies above 10 keV may resonate in the inertial range. For the 2D modes, we set the number of grids as N x = N y = 4096. Note that we take smaller box size in perpendicular direction than that in parallel direction since the movement range of particles in perpendicular directions is much smaller than that in parallel direction because of the smaller perpendicular diffusion coefficients. For more details on the settings and realization of the slab-2D magnetic field model in numerical code, see Qin et al. (2002a,b) , Qin (2002) , Zhang et al. (2017) , and Kong et al. (2017) .
A large number of electrons with energies of 1 keV in the upstream plasma frame at z 0 = −5.80 × 10 −5 AU are isotropically injected, and each electron's trajectory is obtained by solving the Lorentz motion equation in the shock frame of reference with a fourth-order Runge-Kutta method with an adjustable time step which maintains accuracy of the order of 10 −9 . The motion equation is given by
where p is the particle momentum, v is the particle velocity, q is the electron charge, t is time, and the frame of reference is moving with the shock front. E = −U × B is the convective electric field under the MHD approximation.
3. NUMERICAL RESULTS
Effects of shock geometry and turbulence level
Using numerical simulations, we first investigate the acceleration of electrons at shocks with different angles θ Bn between the shock normal and the upstream mean magnetic field, and different levels of magnetic turbulence (b/B 0 ) 2 . We change θ Bn from 0
• to 90 2 , we calculate the trajectories of electrons for t acc = 23.2 min, which is equivalent to the value of the acceleration time in Guo & Giacalone (2015) , and at the end of simulations the kinetic energy is computed in the reference frame of shock front. In this work we generally do not vary compression ratio s for simplicity, and we consider strong shock acceleration, so we set s = 4. For comparison, we also make simulations with s = 2.6. Moreover, because spacecraft observations of the spectral index in the dissipation range vary in the range −4 < β d < −1 (e.g., Smith et al. 2006 ), we perform additional simulations with a spectral index value β d = 3.4 for comparison. Top and bottom panels of Figure 3 show simulation results for cases similar as that in Figure 2 except that s = 2.6 and β d = 3.4, respectively. In both panels of Figure 3 , the spectral features for various values of the turbulence level at parallel and perpendicular shocks, in general, are similar to those shown in Figure 2 . For instance, in the energy range of 1-10 keV, the spectra for perpendicular shocks and that for parallel shocks with (b/B 0 ) 2 = 10.0 are similar, with values higher than that for parallel shocks with (b/B 0 ) 2 = 0.01, 0.1, and 1.0. In addition, the perpendicular shocks for low turbulence levels ((b/B 0 ) 2 = 0.01 and 0.1) accelerate electrons to higher energies compared to that for high turbulence levels ((b/B 0 ) 2 = 1.0 and 10.0). The details of the energy spectra in Figure 3 , however, are different from that shown in Figure 2 . For example, for weak shocks with s = 2.6 in the top panel, in any condition of turbulence level and θ Bn , the spectra extend to lower energies in comparison with the strong shocks with s = 4.0 shown in Figure 2 . In addition, in the energy range about 10-200 keV, for the case of steeper spectral slope in the turbulence dissipation range (β d = 3.4) in the bottom panel of Figure 3 , the spectrum for (b/B 0 ) 2 = 0.1 at parallel shock is less flatter compared to the similar case but β d = 2.7 in Figure 2 . Figure 3 suggests that s = 4 and β d = 2.7 can be used as representative parameters to study shock acceleration. Therefore, in the rest of the paper, we study electron acceleration at shocks in fixed compression ratio, s = 4, and spectral index in dissipation range β d = 2.7.
In Figure 4 as a function of shock normal angle θ Bn , we present the percentage R% of electrons accelerated to more than 10 keV (top panel) and average electron energy E aver (bottom panel) at the end of simulations, for four different turbulence levels (b/B 0 ) 2 = 0.01, 0.1, 1.0, and 10 indicated by black, yellow, blue, and red lines, respectively. Here, we use R% and E aver as measures of the efficiency of electron acceleration. It can be seen that the accelerated percentage, R%, and average energy E aver have the same trend as a function of θ Bn , i.e., they decrease with θ Bn increasing from 0
• to 15
• , and then generally increase with θ Bn increasing from 30
• to 90
• . In addition, with θ Bn 60 • (θ Bn > 75 • ), R% and E aver increase (decrease) with the increasing of turbulence level. It is shown that, in parallel shocks with θ Bn ∼ 0
• , R% and E aver are much larger with high turbulence level than that with low turbulence level, on the other hand, in perpendicular shocks with θ Bn ∼ 90
• , R% and E aver are much larger with low turbulence level than that with high turbulence level. Furthermore, as θ Bn 30
• the acceleration efficiency in general increases with increasing of θ Bn , and its largest variation with θ Bn is seen at a low turbulence level (b/B 0 ) 2 = 0.01. R% and E aver in the case of perpendicular shock and (b/B 0 ) 2 = 0.01 are larger than that in the case of parallel shock and (b/B 0 ) 2 = 10. We can also see that in high turbulence level, the shock acceleration efficiency of electrons is in weak dependence of shock normal angle, especially when θ Bn > 0
• .
In Figure 5 we continue to study shock acceleration of electrons. Black, blue, green, yellow, and red lines indicate θ Bn = 0
• , 30
• , 45
• , 60
• , and 90
• , respectively. The top panel shows average time particles staying within a gyration radius from the shock front t rs as a function of turbulence level (b/B 0 ) 2 . From this panel it is shown that with low turbulence level, (b/B 0 ) 2 = 0.01, particles would stay within a gyration radius from the shock front for a long and short time in the cases of perpendicular and parallel shocks, respectively. In addition, for oblique shocks, i.e., θ Bn = 30
• , and 60
• , t rs is much smaller than that for both parallel and perpendicular shocks. As (b/B 0 ) 2 increases from 0.01 to 10, t rs for perpendicular shocks is decreasing while t rs for parallel and oblique shocks is increasing. With (b/B 0 ) 2 ∼ 0.3, t rs for perpendicular and parallel shocks are equal, and with (b/B 0 ) 2 ≫ 0.3, t rs for parallel shocks is larger than that for perpendicular ones. However, t rs for perpendicular shocks with (b/B 0 ) 2 = 0.01 is much larger than that for parallel ones, and t rs for oblique shocks is always smaller than that for perpendicular and parallel ones. The middle panel shows average crossing times n cross as a function of (b/B 0 ) 2 . From this panel it is shown that for parallel shocks particles would cross the shock front more times with the increasing of (b/B 0 ) 2 . However, for perpendicular shock acceleration, n cross would decrease as (b/B 0 ) 2 increases from 0.01 to ∼ 0.3, and it would have the similar value as that for parallel shocks with (b/B 0 ) 2 0.3. In addition, for oblique shocks, n cross has the similar trend as that for parallel shocks but in a much lower level. Bottom panel shows average energy of particles at the end of simulations E aver as a function of turbulence level. From this panel it is shown that as (b/B 0 ) 2 is very small, i.e., (b/B 0 ) 2 = 0.01, E aver ≫ E 0 for perpendicular shocks, but E aver ∼ E 0 for parallel and oblique shocks. As (b/B 0 ) 2 increases from 0.01 to 10, E aver decreases and increases for perpendicular and nonperpendicular shocks, respectively. However, E aver for parallel shocks would increases more sharply than that for oblique shocks with (b/B 0 ) 2 in the range from 0.1 to 10, so E aver for parallel shocks is much larger than that for oblique shocks with (b/B 0 ) 2 0.1. With (b/B 0 ) 2 0.4 and 0.4, E aver for perpendicular shocks is larger and smaller than that for parallel ones, respectively.
From Figure 5 we can see that as turbulence level is very low, for perpendicular shocks particles could stay near the shock front for a long time, so they can get large acceleration from SDA, and for parallel shocks particles could not get efficient parallel scatterings to cross the shock front for many times to get large acceleration from first-order Fermi scattering process. As (b/B 0 ) 2 increases, for perpendicular shocks, the local magnetic fields would have larger component across the shock front so that it is more difficult for particles to keep near the shock front to get acceleration from SDA, but for parallel shocks, particles would get stronger parallel scatterings to cross the shock front many times and get acceleration from first-order Fermi process. In addition, for parallel shocks with large (b/B 0 ) 2 , there is strong local magnetic field component perpendicular to the shock normal direction, so particles could also get acceleration from SDA. Furthermore, for oblique shocks, following results could be obtained: Firstly, particles can not stay near the shock front for long time to get large acceleration from SDA since there is strong cross shock magnetic component. Secondly, as (b/B 0 ) 2 is large, the parallel scatterings of particles only have partial contribution to shock front crossing because of the field obliquity, so that particles can not get large acceleration from first-order Fermi process too. Therefore, oblique shocks have low acceleration effects for both low and high turbulence levels.
Effects of shock thickness
We next examine the effect of shock thickness on electron acceleration by perpendicular shocks with (b/B 0 ) 2 = 0.1 and 1, by varying L diff in Equation (1). Figure 6 shows the average energy (top panel) and average gyro-radii considering pitch angle and upstream background magnetic field (bottom panel) versus shock thickness L diff for θ Bn = 90
• and (b/B 0 ) 2 = 0.1. At the end of simulations with t acc = 23.2 min, we calculate average energy and gyroradii of particles with significant acceleration, i.e., for particles from top, second, third, fifth, and seventh 2% of accelerated electrons ordered in energy with solid, dotted, dashed, dash-dotted, and dash-dotted-dotted lines, respectively. The blue dotted vertical lines (from left to right) indicate the L diff as the maximum gyro-radii of 10 keV (r 10 keV ∼ 1.13 × 10 5 m), 100 keV (r 100 keV ∼ 3.72 × 10 5 m), and 1000 keV (r 1000 keV ∼ 1.58 × 10 6 m) electrons in the upstream. In the bottom panel, the red solid line indicates R gyro = L diff . It is shown that there exists a bend-over thickness L diff,b , the average energy does not have obvious variation for thin shock thickness L diff L diff,b , while it decreases rapidly with the increasing of L diff when L diff L diff,b . It is seen that L diff,b is in the scale of the average gyro-radii of particles.
For each curve of R gyro as function of L diff of the top, second, third, ..., twelfth 2% of accelerated particles ordered in energy, we fit the four data points of the smallest L diff as a line in log-log space, and fit the five data points of the largest L diff as another line in log-log space. The intersection of the two lines are assumed to be the bend-over point, denoted as (L diff,b , R gyro,b ). 2 , the only difference is that with higher (b/B 0 ) 2 particles get weaker acceleration.
CONCLUSIONS AND DISCUSSION
In this paper, we use test particle simulations that include pre-existing two-component magnetic field turbulence (Qin et al. 2002a,b; Qin 2002) upstream and downstream of the shock (Kong et al. 2017 ) to study electron acceleration. In our numerical model, we generate magnetic turbulence of slab component with the dissipation range in which low-energy electrons resonate, since electrons have higher gyrofrequency because of their light mass. We investigate the effects of the turbulence level (b/B 0 ) 2 and shock obliquity θ Bn on the accelerated electrons spectra. It is shown that at perpendicular shocks the acceleration of electrons, which depends mainly on SDA, is found enhanced under lower turbulence levels, since it is suggested that in the presence of turbulence, the drift coefficients are reduced (e.g., Engelbrecht et al. 2017 ). In addition, at parallel shocks the acceleration of electrons is enhanced under higher turbulence levels with the mechanism as the following. On the one hand, it is assumed that parallel shocks can strongly accelerate particles with first-order Fermi mechanism if the turbulence level is high since there would exist effective particle scatterings to cause multiple shock crossings. On the other hand, with parallel shocks, particles do not feel drift effects due to the large scale background magnetic field, so there is no acceleration from SDA in weak turbulence. However, with stronger turbulence, there exists large local component of magnetic field perpendicular to the shock normal affected by magnetic turbulence, due to which particles would feel drift effects, therefore, electrons could get large acceleration from SDA. Moreover, for oblique shocks the acceleration of electrons is weak with both low and high turbulence levels. Our results also show that parallel shock acceleration with large turbulence level (the highest parallel shock acceleration) is less effective than perpendicular shock acceleration with small turbulence (the highest perpendicular shock acceleration). The reason might be that SDA is more effective than first-order Fermi acceleration, and in a perpendicular shock with low turbulence level, the shock acceleration is mainly from SDA, but in a parallel shock with high turbulence level, only part of shock acceleration is from SDA. Recently, Yang et al. (2018) studied acceleration of electrons by ICME-driven shocks by comparing strongest parallel and perpendicular shock acceleration events observed by the WIND 3DP instrument from 1995 through 2014 at 1 AU. They found that quasi-perpendicular shocks are more effec-tive in the acceleration of electrons than quasi-parallel shocks are. It is shown that our results are compatible to the observations (Yang et al. 2018) . The acceleration efficiency in general increases with the increasing of θ Bn , and its largest variation with θ Bn is seen at a low turbulence level (b/B 0 ) 2 = 0.01. When strong magnetic fluctuations, i.e., (b/B 0 ) 2 = 10.0, exists at the shock front, electron acceleration is found weakly dependent on the shock-normal angle, which is in agreement with the study by Guo & Giacalone (2015) . However, although Guo & Giacalone (2015) showed that perpendicular shocks with (b/B 0 ) 2 = 1 are more effective to accelerate particles than that with (b/B 0 ) 2 = 10, perpendicular shocks with low turbulence level, i.e., (b/B 0 ) 2 = 0.1 are less effective to accelerate particles than that with high turbulence, i.e., (b/B 0 ) 2 = 1 and 10.0. We think the difference is because of the difference in the turbulence models we adopt.
Furthermore, we study the impact of shock thickness on the electron acceleration at perpendicular shocks. For the dependence of electron acceleration on the shock thickness, our simulations with perpendicular shocks indicate that there exists a bend-over thickness L diff,b in the scale of particles gyro-radii. The acceleration efficiency does not change evidently if the shock thickness is much smaller than L diff,b . However, if the shock thickness is much larger than L diff,b , the acceleration efficiency starts to drop abruptly. Previous studies have shown that the shock thickness may be of the order of ion inertial length (c/ω pi ) (Russell et al. 1982; Newbury et al. 1998) , electron inertial length (c/ω pe ) (Newbury & Russell 1996; Yang et al. 2013) , or convected ion gyroradius (U 1 /Ω ci,2 ) (Bale et al. 2003) . Different length scale of shock thickness in solar wind would have different shock acceleration efficiency. In the condition of this work, our simulations show that the bend-over thickness L diff,b is in the order of ion inertial length, however, in other conditions, the bend-over thickness may be in other length scale.
In this work, we mainly concentrate on strong shock (s = 4) acceleration of electrons. In the future, we may study the weak strength (s = 2.6) shock acceleration in detail, so we are able to investigate what would happen in the termination shock. In addition, the pickup ion formation-driven waves which would add an extra component to the slab component of magnetic turbulence spectrum, essentially changing its form and level at wavenumbers corresponding to the proton gyrofrequency (see, e.g., Williams & Zank 1994) , could have a significant effect on low-energy electron transport parameters in the outer heliosphere (e.g., Engelbrecht 2017). However, because of our model limitations, we do not consider the pickup ion formation-driven waves in turbulence. Furthermore, in our turbulence model, we mainly consider gentle spectral index (β d = −2.7) in the dissipation range. Moreover, we do not include dissipation range in 2D component. We also do not include the variation of ratio of slab/2D magnetic turbulence energy in dissipation range. In the future, we may modify our model to make turbulence more realistic, e.g., we may include the pickup ion formation-driven waves in our model. We could also consider to include 2D dissipation range in magnetic turbulence. In addition, in dissipation range, we may vary the turbulence spectra index and the ratio of slab/2D magnetic turbulence energy. Prinsloo et al. (2017) used modulation model to study GCR electrons and suggested that DSA can explain observed increases in electron intensities at the termination shock with ad hoc models for the transport parameters. It is interesting to find out whether the approach taken in the numerical simulations in this paper would agree with the conclusions of Prinsloo et al. (2017) if the model is set up for termination shock conditions in the future. 
